Abstract-In this article we present the experimental optimization of thermophotovoltaic (TPV) cells fabricated by laser-diffused phosphorous emitters on p-Ge substrates. First, simulations done by PC1D software have helped to guide in the optimization process. Next, the emitter formation has been carried out experimentally by a fast and low thermal budget process based on excimer laser annealing in the melting regime of a phosphosilicate sol-gel layer deposited by spin coating. The n/p junction created has been characterized by Secondary Ion Mass Spectrometry (SIMS) and used to fabricate a TPV cell as a proof of concept.
INTRODUCTION
Thermophotovoltaic (TPVs) is the direct conversion of radiant heat into electricity using infrared-sensitive photovoltaic (PV) cells. TPV is regarded as a high-efficient and high-temperature alternative to thermoelectric generators (TEG), with many possible applications including waste heat recovery, co-generation, space power, etc [1] . Although established in the late 50's, most of TPV research activities started in the late 90's by the advent of high quality low bandgap III-V semiconductors such as GaSb (bandgap of 0.726 eV) or InGaAs (bandgap of 0.74 eV), which eventually resulted in TPV conversion efficiencies of 23.6 % [2] , the highest efficiency ever reported for a solid-state heat-toelectric energy converter. However, TPV still lacks of a clear market due to the excessive cost of these III-V semiconductor structures, which are fabricated predominantly by epitaxial methods and complex processing techniques. Germanium (bandgap of 0.66 eV) is regarded a low-cost alternative for TPVs that already demonstrated reasonably good TPV cell electrical performance [3] , [4] . In this work, a new approach for the development of low-cost Ge TPV based on a p-type substrate and laser-diffused emitters is developed.
Most typically, the formation of n-type junction in Ge is accomplished by ion implantation followed by a high temperature annealing (between 600-850°C) used to activate dopants and reduce implantation damage [5] . However, the realization of good n + -p junctions in Ge which fulfill the usual requirements of next generation devices (highly doped together with shallow junction) still remains challenging due to the low solid solubility and high diffusivity of V-group elements [6] . As a consequence, in the last few years, laser thermal annealing (LTA) approaches have been successfully explored and reported, achieving doping levels well above the solid solubility limit in As [6] , Sb [7] , B [8] and P [9] . However, very few approaches has been done of LTA in combination with Spin-On Dopant (SOD) [10] - [12] , being any of them used in Ge so far. Therefore, the aim of this research is to provide an alternative to notably reduce thermal budget and process time by LTA while keeping a cost-effective, easy to apply SOD process [13] .
II. PC1D SIMULATIONS
To determine the optimum emitter doping profile on a ptype Ge substrate, a n/p Ge TPV cell was simulated by PC1D [4] . A 1x1 cm 2 device with a comb-like front metal grid with two lateral busbars and 50 fingers (10 μm width), was used in the simulations, in which the 2D resistive effects are incorporated in the 1D simulation as lumped elements. The specific resistances relatives to the metal and the emitter, assumed to be uniformly doped and with a thickness WE, are given by equation (1) and (2) according to [14] ,
where rE and rM are the specific resistance of emitter and metal respectively in Ω·cm
2
, ρM is the metal resistivity of silver, WE is the emitter width in each certain case and l, s, b, d, h correspond to the geometrical parameters of our particular grid design (finger length = 10 µm, space between fingers = 200 µm, busbar width = 300 µm, finger width = 10 µm and metal height = 3 µm, respectively). However, equation (1) assumes a uniformly doped emitter, but our emitters have a Gaussian-like doping profile. Thus, to adapt equation (1) to our non-uniform emitter profiles, we have calculated sheet resistance as in equation (3),
where N(x) is the doping concentration at the emitter, xj corresponds to the junction depth and q and µe are the elementary charge and the electron mobility, respectively. Afterwards, we have used Rsheet (Ω/□) from equation (3) to calculate the emitter resistivity ρE (Ω·cm) which is used in equation (1) as,
Series resistance calculation estimated metal contribution up to 7 mΩ·cm 2 , while the emitter contribution is estimated to vary between 1 and 28 mΩ·cm Simulations of the TPV cell structure were done by PC1D assuming a blackbody radiator at 1687 K, which provides an illumination intensity of 45.93 W/cm 2 . The cells comprise a 170 μm thick p-type Ge substrate with a resistivity of 1Ω·cm, 300 cm/s rear-surface recombination and 30% internal rear reflectance. No anti-reflective coating was considered in our simulations. Two particular cases have been simulated: i) a "good scenario" where the front surface recombination velocity (SRV) is set to zero, and the bulk lifetime (τbulk) is set to an optimistic value of 500 μs [15] (so that the diffusion length is much higher than the substrate thickness); and ii) a "bad scenario", where the SRV (τbulk) is set to a value of 1·10 5 cm/s (5 μs).
Figs. 1 and 2 show the generated electrical power density (in W/cm 2 ) as a function of the junction depth (in µm) and the surface concentration of Gaussian-like doping profiles for the "bad" and "good" scenarios, respectively. As can be disclosed from these figures, the optimum doping profile necessary to maximize output power is highly dependent on the different scenarios, which means that it is highly affected by surface passivation and bulk lifetime. Best results obtained for the "bad scenario" suggest a better TPV performance in case of a relatively thin (0.4-0.7 μm) and highly doped emitter (3-5 ·10 ) emitter was found to be the best option for the "good scenario". When surface recombination is low, a thicker emitter is advantageous to reduce its contribution to the series resistance (rE), and a low doping level is needed to minimize the Auger recombination. Contrarily, if the surface recombination is high, the emitter thickness must be thinner to minimize the coexistence of photogenerated electrons and holes near the surface; thus, avoiding the probability of recombination. This results in much lower optimal thicknesses, as well as higher optimal doping, for the "bad" emitter. High drops in terms of maximum achievable output power density (from 2.50 W/cm 2 to 1.55 W/cm 2 for the "good" and "bad" scenario, respectively) were found in simulations, highlighting the importance of good surface passivation.
Surface doping concentration (cm ). After Ge surface cleaning with HCl, SOD was spun at 4500 rpm 15 s and heated up to 200ºC to evaporate solvents as suggested in [16] , obtaining a SOD layer thickness of ~ 200 nm (measured by ellipsometry). Afterwards, the dopant diffusion process was accomplished by annealing the SOD layer with a pulsed excimer laser KrF (248 nm) at 50 kHz, with a top-hat energy distribution and 5-7 ns pulse width. The small laser spot (of 250 x 250 μm 2 ) was used to anneal an area of 7x7 mm 2 by moving the sample along the long axis of the laser beam.
As described in the literature [17] , the operating principle of LTA consists on the melting of the surface layer by sample irradiation with a pulsed laser beam at a certain laser fluence, which results in homogenous dopant redistribution thanks to the larger diffusivity of impurities in the liquid phase compared with the solid phase. Therefore, to obtain different doping profiles, mainly two parameters were varied during laser annealing: laser fluence (in J/cm 2 ) and number of pulses per site.
Secondary ion mass spectrometry (SIMS) was used to measure the total phosphorus concentration depending on the laser conditions used. Fig.3 shows the effect of the variation of the energy fluence (for the same number of pulses per site) on the doping profile, whereas Fig. 4 corresponds to the variation of the number of pulses per site for a fixed energy fluence. As can be seen, the energy fluence mainly affects the junction depth while the number of pulses affects both, the surface doping concentration level and the junction depth, changing the shape of the dopant profile. In our experiments, laser fluences between 0.38 and 0.58 J/cm 2 were evaluated, obtaining junction depths from 0.4 to 1 μm, respectively. The number of pulses was always in multipulse regime, meaning that several pulses are given at each location. The number of pulses per site was varied between 70 to 130 pulses, which corresponds to peak doping concentration of 2.60·10 , respectively. These obtained tendencies are in agreement with the literature [6] , where higher energy fluence leads to higher junction depths, whereas high number of pulses at high energy fluences increases notably the junction depth reducing the surface dopant concentration.
Regarding the fabrication of optimum TPV cell structures, we have learnt from these experiments that thick junctions moderately doped required of high energy fluence and high number of pulses, whereas low energy fluence and low number of pulses is the requirement for thinner highly doped junctions. Thus, the choice relative to the best laser condition would depend on the quality of the initial material and passivation, among others. Further optimization should be done to increase the level of doping and accomplish the requirements of the desired junction depth obtained by PC1D.
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IV. MANUFACTURING PROCESS OF A SIMPLE TPV SOLAR CELL WITH LASER-DOPED EMITTER
As a first attempt to evaluate TPV performance of the laser-doped emitter devices, 2 mm diameter (see Fig. 5 ) TPV test cells have been fabricated using the previous n/p Ge structures. Front (rear) contacts were formed via e-beam evaporation of Pd/Ti/Pd/Ag (Al). Device mesa-etching was done by wet chemical etching for 8 min in H3PO4/H2O2/H2O 6:3:1. No surface passivation or high temperature annealing steps were used in this process. open circuit voltage (VOC), as measured under 1-sun illumination. It should be pointed out that the solar simulator was not conveniently calibrated for germanium because a Si solar cell was used as a reference. Thus, the generated current in the Ge cell does not necessarily correspond to a real 1-sun illumination. The influence of the perimeter region can also play a role, and further analysis is needed to quantify it. The integration of EQE (see Fig 6) with black body spectrum reveals that the measured J-V curve corresponds to the illumination of a black body at 920K.
The EQE in Fig. 6 evidences a very low collection efficiency, especially at the shortest wavelengths. This reveals a very high recombination in the topmost region of the cell, where the highly energetic photons are absorbed. Most probably, this is caused by a poor emitter quality and a very high front SRV. Nevertheless, it should be mentioned that low diffusion lengths and high SRV were initially expected as a consequence of not using any surface passivation layer in the manufacturing process. with junction depth of around 1 µm, far from the optimum. Other potential improvements which can recover emitter quality could be based on the realization of laser thermal annealing under N2 atmosphere, reducing in this way the concentration of active impurities incorporated during LTA, such as O2, as suggested in [18] .
V. CONCLUSIONS
We have experimentally demonstrated for the first time that the combination of SOD and LTA results in P-diffusion in Ge, showing the feasibility of a low-cost low-temperature manufacturing process for Ge TPV cells. Nevertheless, a very low quality of the diffused emitters is deduced from EQE measurements of the fabricated TPV cells. Thus, future work will consist on further process optimization of the emitter diffusion to better control the surface doping concentration level and junction depth and to improve the material quality by reducing the contamination with possible additional dopants, such as oxygen. Also, further optimization is required for the TPV manufacturing process by integrating LTA process with surface passivation and throughout the implementation of locally-doped emitters. 
